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Observation of bilayer growth in the in itial epitaxy of 




The epitaxy o f M g, a hexagonal-close packed metal in  the bulk, onto a body-centered- 
cubic M o(001) substrate throughout a range o f temperatures from  room temperature to 
450 K  is investigated. The M g grows in  a Stranski-Krastanov mode where die firs t four 
layers grow as pseudomorphic fee M g follow ed by a transition to  3D grow th. LEED and 
AES are used to  investigate the M g film  during the pseudomorphic grow th. In itia lly  the 
film  is observed to  grow  as a b ilayer. This is attributed to  the presence on an energy 
barrier preventing interlayer mass transport. For the firs t tw o monolayers o f coverage the 
film  grows v ia  island nucléation due to  the h ighly corrugated surface potential o f the bcc 
surface. The th ird  and fourth layer grow  via step flo w . The increased d iffusion constant 
necessary fo r step flo w  is due to the compressive strain o f the bilayer.
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CHAPTER 1
Introduction
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E pitaxial grow th o f th in  film s on solid substrates is o f great interest because it  
allow s fo r the creation o f m aterials w ith  morphologies and chem ical com positions which 
are not found in  nature. The size o f electronic devices is continua lly being decreased to 
m inim ize space requirements. Surface related phenomena become more im portant in  the 
design o f these devices as the surface to volume ra tio  continues to increase. M etal 
surfaces are very im portant to  the development o f heterogeneous catalysis. O ften very 
expensive metals are used. Since catalysis is purely a surface phenomenon the cost can 
be greatly reduced by grow ing th in  clusters o f th is expensive metal onto the surface o f a 
more inexpensive one. M etal on metal film s are also used fo r data storage. Large 
resistive changes in  a magnetic fie ld  fo r certain devices composed o f alternating th in  
layers o f metals are being used to  create the next generation o f disk drives. A  greater 
understanding o f the properties o f surfaces is crucia l to the development o f these areas.
Today many technologies re ly on the routine fabrication o f uhrathin epitaxial 
layers. One o f the fundamental issues governing epitaxial grow th is how the la ttice 
m ism atch between film  and substrate m aterial induces structural m odifications in  the 
grow ing film . A  film  grows pseudom orphically when it  adopts the crystal structure and 
la ttice  constant o f the substrate. The strain w hich results from  pseudomorphic growth 
may have a strong im pact on the film  m orphology.
In  th is study the grow th o f M g on the M o(001) surface is investigated between 
room  temperature and 450 K . Molybdenum is chosen as the substrate because the body- 
centered cubic surface is h igh ly corrugated. The corrugated surface potential can induce 
pseudomorphic grow th in  the in itia l layers o f deposition. Magnesium was chosen as the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
deposit since it  has a nearest neighbour separation o f 3.21 A which compares favourably 
w ith  the la ttice parameter o f M o, 3.15 A. A lso the surface energy (the energy required to 
create the surface) o f M g is much lower than that o f M o, which therm odynam ically 
favours layer-by-layer film  grow th.
In fact previous results at room temperature show that four layers o f M g grow 
pseudom orphically, follow ed by a transition to hexagonal M g(0001) (W u, 1992). W ithin 
the firs t four layers the th ird  and fourth layer grow by step flo w  whereas die firs t two 
grow via island nucléation (Gallagher, 1999). This last study used STM  measurements 
w hich were a ll made in excess o f 1 hour after deposition. This was particu larly 
troublesome at low  coverage (less than tw o monolayers) where the film  became oxidized.
This w ork builds on previous results and concentrates on the grow th in  the 
pseudomorphic regime (up to  fou r monolayers). E iqierim ental techniques used here 
include Low  Energy Electron D iffraction  (LEED ) and Auger Electron Spectroscopy 
(AES). These tw o techniques have the advantage that they can be performed 
im m ediately after deposition. This sign ificantly reduces the oxidation o f the M g film  
making it  possible to e ffective ly investigate low  coverages. This study also expands on 
previous w ork (W u, 1992XGallagher, 1999), which was a ll done at room  temperature, to 
examine the grow th throughout a range o f substrate temperatures fio m  room temperature 
to  450 K .
In  th is study it  is found that the firs t M g layer grows as a b ilayer throughout the 
temperature range investigated and the transition to 3D grow th occurrs after the 
com pletion o f the fourth layer.
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This thesis is organized in to  chapters as fo llow s. Chapter 2 provides an overview 
o f the theory o f film  growth. The inform ation presented w ill be used later in  chapter 4 to  
interpret the results o f the experiments. Chapter 3 presents d ie details o f the vacuum 
system in  w hich the experiments were performed as w e ll as inform ation on the analytical 
tools used to co llect the data. In  chapter 4 the results are presented. This c h u te r also 
includes a discussion in  w hich possible d riv in g  forces behind the results are discussed. 
F in a lly , the conclusion presents a summary o f the results o f th is  study.
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CHAPTER 2
Theory of Film Growth
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Introduction
In  m icroelectronics it  is often desired to create a heterostructure o f tw o d iffe ren t 
materials that may d iffe r sign ifican tly in  lattice constant and crystal structure. 
Heteroepitaxy refers to  die growth o f an oriented single crystal film  o f one m aterial onto 
a single crystal substrate o f another.
Growth Modes
There are three d istinct growth modes fo r ep itaxia l growth each named fo r the 
scientists who firs t investigated them (Bauer, 1958).










Figure 2.1 The evolution of the three distinct epitaxial processes at different coverages (in monolayers or
ML)
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The layer by layer growth mode is referred to as FM  (Frank-van der M erw c). In 
this mode a new layer does not start to  form  u n til the previous one is complete. This 
mode is frequently observed in  the growth o f semiconductors on semiconductors and 
some metal-metal systems (Venables, 1984).
The island grow th mode is referred to as VW  (Vollm er-W eber) and is the 
opposite case. In th is mode the equivalent o f many monolayers must be deposited before 
the substrate is entire ly covered because the islands grow  to be quite ta ll before they 
coalesce to cover the surface. This growth mode is common when growing metals on 
insulators (Venables, 1984).
The layer plus island grow th mode (o r SK fo r Stranski-Krastanov) is an 
interesting intermediate case. The deposited atoms in itia lly  form  in  a layer mode but 
after one o r more layers this grow th mode becomes unfavourable and any subsequent 
deposit atoms w ill nucleate to form  islands. This growth mode is the most common and 
there are many examples o f th is fo r m etal-m etal and metal-semiconductor systems 
(Venables, 1984).
Therm odynam ic P redictions
One explanation fo r the d iffe ren t grow th modes relies on considering the 
thermodynamic properties o f the system. The surface energy y  is defined as the surface 
excess free energy per un it area to  create the surface. The tota l energy o f the system is 
the sum o f three parts, the surface energy o f the film  yu the surface energy o f the 
substrate Ys, and the surface energy o f the substrate-film  interface y#. I f  yr + yj is  greater 
than Ys, the film  w ill grow in 3D islands to expose more o f the surface thus m inim izing
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the to ta l energy. Conversely i f  yr +  y. is less than y$ a s im ila r argument leads to die 
reasoning that the film  w ill grow  in  layers. For layer by layer grow th th is  condition m ust 
be satisfied fo r every subsequent layer o f the deposit so th is growth mode occurs only 
when the film  and substrate are very sim ilar so that yr «  y, and y: « 0. In  homoepitaxy 
those approxim ations turn to  equalities (M erwe, 1994).
It is s till d iffic u lt to  predict in  which mode tw o d iffe rin g  m aterials w ill grow fo r 
tw o reasons. F irst o f a ll, it  is unclear what the value fo r y; is fo r any ep itaxia l pair and 
second yr is not necessarily the same as the surface energy o f the bu lk m aterial.
Kinetic Factors
The greatest lim ita tio n  o f the thermodynamic treatm ent is that film  growth is not 
an equilib rium  process. The flu x  o f incident atoms and the m obilities o f these adatoms 
are among the necessary kine tic considerations. A  surface consists o f atom ically fla t 
terraces separated by steps that are typ ica lly  one atom in  height. Once an atom has 
condensed onto the surface it  w ill diffuse around d iffé ren t adsorption sites. It w ill stop 
m igrating in  one o f tw o ways.* Due to higher coordination it  can attach its e lf to a step 
edge. A lte rna tive ly, it  can nucleate and form  an island upon meeting other condensed 
atoms as shown in  Figure 2.2. In  general adsorbate islands are continuously form ing and 
dissociating u n til an island reaches a certain c ritica l size o f atoms were it  is effective ly 
stable. However th is c ritica l island size is on ly one atom fo r most m etal on metal 
systems even at high temperatures (Hwang, 1997).
* Other processes can occur but are not going to be considered in this simplified case. They include the re- 
evaporation of adatoms or inteidiflusion between adsorbate and substrate layer.
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When adatoms predom inantly attach themselves to step edges the film  grows by 
step fiow . D uring step fio w  the film  grows in  the FM  growth mode where the substrate 
m orphology is preserved w ith  the com pletion o f each layer.
condensaiion
adsorption at a nucléation
special site
Figure 2.2 The two ways in which a condensed atom can be adsoibed onto the substrate surface
Under certain conditions, such as high flu x  o r low  d iffusion  rate, adatoms are 
more lik e ly  to  meet and nucleate as islands rather than to m igrate to  the step edge. This 
grow th process is called island nucléation. Figure 2.3 shows the tw o grow th processes o f 
step flo w  and island nucléation.
Temperature also plays an im portant role in  determ ining w hich growth process 
w ill dominate since the d iffus ion  rate o f condensed atoms along the surface is intim ately 
related to  the substrate temperate. I f  the substrate were cooled the d ifiu s io n  rate w ould 
be low er and island nucléation would be favoured.
The grow th can also depend on the deposition flu x . For example a high flu x  
w ould favour island nucléation since adatoms are more like ly  to  encounter each other 
before they can attach to  a step edge regardless o f the adatom m o b ility .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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island Nucléation Step Flow
Figure 23  The two growth processes of island nucléation and step flow 
Other Factors
Im purities have also been shown to greatly effect film  growth both 
therm odynam ically and k ine tica lly . Therm odynam ically, an im purity on the surface o f a 
substrate w ill alter the value o f y%. This may change the lowest energy configuration 
from  layer-by-layer to  3D island grow th or vice versa. K ine tica lly, adatoms must 
displace im purity atoms in  order to  m igrate and th is can lead to  slower d ifih ision rates. 
This effect was studied in  the grow th o f Au on Ru(0001) where the substrate was 
deliberately pre-covered w ith  oxygen (Schroder, 1992). It was found that the density o f 
Au islands increased by four orders o f magnitude in  the presence o f oxygen. In  other 
systems im purities such as oxygen can have die reverse effect. Precovering the substrate 
w ith  a small amount o f oxygen can enhance layer-by-layer grow th. This was shown in  
the homoepitaxy o f F t onto F t(l 11) (Esch, 1994). I t  was concluded that oxygen reduces
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the effective barrier at a step edge thus making it  easier fo r die Pt atoms to descend to a 
low er layer. This increase interlayer transport w ill encourage layer grow th.
The m o b ility  o f the adsorbed atoms can be a function o f film  thickness fo r some 
systems. For N i grown on Ru(OOOl) (M eyer, 1995) it  was found that the m ob ility  o f N i 
adatoms increases w ith  film  thickness. A t low  coverages the film  is h ig h ly  corrugated 
and 3D growth occurs v ia  island nucléation. A t higher coverages strain relaxation 
increases m o b ility  encouraging interlayer transport to produce a much smoother film . An 
increased m o b ility  is also observed in  the M g on M o(001) system as seen in  the transition 
fi-om island nucléation to step flo w  growth (Gallagher, 1999).
Lattice Strain in Film Growth
A  key factor in  determ ining the structure o f a grow ing film  is la ttice  mismatch. A  
la ttice mismatch between the adsorbate and substrate crysta l presents an interesting 
problem  fo r the grow ing film . The adatoms prefer to  s it in  the m inim a o f the substrate 
corrugation potential however the film  strives to m aintain the crystal structure and lattice 
spacing o f its  bu lk structure.
The com petition results in  many d iffe rent film  structures. In  the pseudomorphic 
mode the film  adopts the structure and lattice spacing o f the substrate. This mode can be 
encouraged by depostion onto a highly corrugated substrate surface. To counter the 
lateral strain the vertica l la ttice spacing w ill often change in  the opposite direction due to 
elastic relaxation as shown in  Figure 2.4 a). As the film  thickens the stra in energy 
increases. One way to  relieve strain is the form ation o f dislocations at the interface as 
shown in  Figure 2.4 b).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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For a weakly corrugated substrate the film  may grow  w ith  no strain. This results 
in  floa ting  mode shown in  Figure 2.4 c). In  th is case the film  maintains the lattice 
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Figure 2.4 Three different modes of growth for the first few monolayers of hétéroépitaxial growth
(Henzler, 1995)
Pseudom orphic G row th
A  film  is said to  grow  pseudomorphically i f  it  adopts die crystal structure and 
la ttice  spacing o f the substrate (Zangw ill, 1988). The film  does so at the expense o f 
strain energy i f  the substrate structure or lattice spacing o f the substrate is d ifferent than 
the deposit. As the film  grows the strain energy increases u n til at some c ritica l thickness 
it  is energetically favourable to  relieve the strain. S train re lie f in  the film  can be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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accomplished by fonning dislocations (Figure 2.4 b) but an alternative method is a 
change in  growth mode from  layer growth to  3D island grow th, i.e. SK grow th mode 
(M erwe, 1994).
In pseudomorphic growth one must consider the strain energy as w e ll as the 
surface energy o f the system to predict the grow th mode. The to ta l energy per un it area 
w ill then be the sum o f the surfrce free energies per un it area, y, and the strain energy per 
un it area, e . The to ta l energy per un it area can then be w ritten  (van der M erwe, 1994) as;
E j=  Xj + f ,  (2.1)
Where j=  s, M L, D L and s is the substrate, M L  is the firs t m onolayer and D L is the 
doublelayer. E$= y$ fo r the substrate since it  is not strained. Consider a system w ith  the 
substrate, firs t layer and second layer exposed shown in  Figure 2.5. The change in 
energy w hich results from  the transfer o f m aterial from  the second layer to  the firs t layer 
or AEdmml can be w ritten as





Figure 2.4 The transfer described in equation (2.2).
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This can be seen from  Figure 2.4 where the 2Eml is added due to the additional expsosed 
surface o f the firs t monolayer. The -Edl is from  the removal o f part o f die second layer 
and the -Es results from  covering o f part o f the substrate.
S im ilar defin itions can be used fo r a general expression
~  2̂ 11 ~ ~ (2-3)
Layer-by-layer grow th is observed as long as AEm u il  < 0. Island growth is eiqiected 
when AEr̂ u  > 0 The c ritica l layer thickness n^ and the S-K transition to 3D grow th 
occurs when AEn+;̂  becomes positive.
M g on M o(001)
The surface energies o f M o(001) and M g(0001) have been calculated to  be 3.8737 
and 0.7292 Jm'̂  respectively (V itos, 1998). Since the surface free energy o f the substrate 
is larger than the film , therm odynam ically one w ould expect the M g to grow  in  a layer- 
by-layer fashion. The sm all la ttice  mismatch and the highly corrugated potentia l energy 
o f the bcc(OOl) surface (Bauer, 1982) im plies that the in itia l M g layers should grow  
pseudom orphically. As the la ttice  mismatch is on ly 2% and the difference in  surface 
energies is so large one would expect the M g to  grow  as a strained film  fo r several layers.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER 3
Experimental Apparatus & Procedure
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3.1 U ltra High Vacuum
The Need for UHV
In  order to e ffective ly study a surface it  is o f great importance that the state o f the 
surface remains constant over the duration o f an experiment. The need to keep a sample 
clean means that the a rriva l rates o f molecules im pinging on the surface o f the sample 
should be low . I t  is th is  requirem ent fo r u ltra -low  pressures that had hindered surface 
physics u n til the advent o f u ltra-h igh vacuum (U H V ) technology. Since the early 1960s 
the com m ercial a va ila b ility  o f U H V  systems and components has played a m ajor role in 
the recent successes in  surface physics.
The operating pressure inside a UHV system is typ ica lly  Ix IO  '̂  to rr. C alculating 
how long a surface can be kept clean at a given pressure can be done easily from  kinetic 
gas theory. The tim e fo r one complete monolayer o f molecules to  condense on the 
sample is a function o f the arriva l rate o f the m olecules F and the surface area tha t the 
molecules occupy, do- I t  can be calculated by the fo llow ing  equation (O ’H anlon, 1989):
where the arriva l rate has been expressed in  terms o f the temperature T, the average 
ve locity v, the pressure P, and Boltzm ann's constant k. Using do fo r a ir as 0.372 nm and 
v as 467 m/s at room  temperature under UHV conditions it  w ill take over 5 hours to 
cover the sample. A  clean sample w ill not acquire much contam ination fo r the duration 
o f an experiment. A t atmospheric pressure a clean surface would be covered afte r only 
25 ns and in  a very high vacuum, typ ica lly  in the range o f 10'̂  to rr to 10^  to rr, the sample
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w ould only stay clean fo r 4 minutes. C learly, U H V pressures are needed to  successfully 
keep the surface clean fo r any practical length o f tim e.
How U H V  is A tta ined
For these experiments U H V is attained using the apparatus shown in  Figure 3.1. 
The main components o f the system (as w ith  any U H V system) are the pumps. D ifferent 
pumps are required because no one pump w ill w ork fo r the entire range o f pressures 















Figure 3.1 A schematic of the UHV system used.
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different gases w ith  varying degrees o f efficiency. The rotary pump removes a ir from  die 
chamber by expelling it in to the atmosphere. It has a high pumping speed but it  has a low  
pressure lim it o f only 10'̂  to rr. The next stage o f pum ping is a turbom olecular pump 







760 100 10E-2 10E-6
Pressure (Torr)
10E-10
Figure 3.2 The ranges of pressure for wliich the different pumps are used
using momentum transfer by fast ro ta ting blades at 70 krpm . The turbo can be used to 
pump to its ultim ate pressure o f 1x10*^ to rr (Varian Vacuum Products, 1997) but it  cannot 
exhaust the a ir to atmosphere. It is therefore backed by die rotary pump. To achieve a 
low er pressure the turbom olecular pump and rotary pump must be valved o ff. A t low  
pressure the ion pump ionizes m olecules and accelerates them to a high ve locity so that 
when they strike a titanium  w a ll they are buried. In  the process o f burying themselves in 
the w a ll, the ions sputter T i leaving the T i to  getter active gases. The pum ping speed o f 
our ion pump is 110 L/s. A  titan ium  sublim ation pump (TSF) can also be used to  pump
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in  the U H V pressure range. Titanium  is evaporated and deposited on adjacent w alls. The 
titanium  film  is water-cooled and active gases (water v^x> r, oxygen, etc) are captured. 
Once this film  surface is contaminated w id i adsorbed gases a fresh titan ium  film  can be 
deposited on top. The pum ping speed o f d ie TSP is calculated at over 10000 L/s. Its 
effective pum ping speed is considerably less than this because it is lim ite d  by die 
conductance o f the gases through the 6  inch flange that connects the TSP to the chamber. 
The conductance o f the flange is calculated to  be ju s t over 2000 L/s (O ’Hanlon, 1989).
Despite the high pum ping speed o f th is netw oik o f pumps, 10** to rr w ould be the 
ultim ate base pressure w ithout baking the system (Luth, 1993). W hen the chamber w alls 
are exposed to  the atmosphere water vapor adsorbs on the w alls o f the chamber and 
absorbs in to the w alls o f the chamber. When the system is then being pumped down 
these water molecules slow ly desorb and lim it the ultim ate pressure o f the system.
Baking the chamber to 100°C fo r 48 hours therm ally desorbs the w ater vapor from  the 
w alls and diffuses the water from  inside the w alls thus a llow ing it to  be pumped out o f 
the chamber.
R esidual Gas A nalyzer
One o f the key instruments in the vacuum system is the residual gas analyzer 
(RG A). The RG A is a mass spectrometer that has enough resolution to  clearly 
distinguish between atom ic mass peaks that are 1 amu apart. I f  the operating pressure o f 
the system is higher than expected, then a mass spectrum using the R G A can diagnose the 
problem . An RGA scan can lead to valuable inform ation about o il contam ination 
(backstream ing from  the roughing pump), solvent contam ination (solvents such as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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acetone used fo r cleaning parts in  the vacuum), an a ir leak (characterized by a large 
nitrogen peak) and outgassing from  components w ith in  the system (Stanford Research 
Systems, 1996). An example o f a mass spectra is shown in Figure 3.3. D uring an 




Figure 3 3  A mass sectra taken by the RGA before baking the system. The main gas in the system is 
water vapour (as seen by the large peak at 18 amu) from the outgassing of the chamber wails.
Sam ple M ounting
Once U H V has been attained the system is ready to perform  experiments. The 
single crystal molybdenum sample was purchased from  Princeton S cientific Corporation. 
The sample is 10mm in  diameter and 1mm in  thickness. The surface is M o(001) ±  0.5* 
and was m echanically polished w ith  Ip  diamond paste. The sample is placed on a
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m anipulator that allow s fo r translational and ro tational movement so that the sample can 
be aligned in  front o f the d ifferent apparatus w ith in  the vacuum system. The sample is 
mounted so that it is e lectrica lly and therm ally isolated to a llow  fo r heating. The sample 
m ounting is shown is Figure 3.4. A  current is passed through a filam ent that is in  close 
proxim ity  to the sample. The sample is then biased to  a high positive potential so that die 
electrons em itted from  the filam ent are accelerated toward the sample and bombard the 
sample w ith  a high ve locity thus heating the sample. Both the filam ent current and the 









a) Top View b) Front View
Figure 3.4 The sample mounting, (a) shows bow the sample is heated, (b) shows how that thennocouple 
is attached to the sample.
die sample is measured in  two ways. I f  die sample is at a temperature o f 1000°C or 
above an optical pyrom eter can be used. Temperatures below th is are measured using a 
thermocouple mounted near the sanqile. Tim gsten S% rhenium (+) and tungsten rhenium
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26% (-) is used as the thermocouple because o f its  high m elting point o f over 2315**C 
(Omega Engineering, 1995). A fte r repeated fa ilures in  attem pting to spot w eld the 
therm ocouple to the sample, it  was moved to the connecting w ires that are very close in  
temperature to the sample. The thermocouple is then calibrated to die tem perature o f the 
sample. A t room temperature the thermocouple gives a reading o f 0 m V. Measuring the 
therm ocouple voltage as M g is therm ally desorbed gives a reading at 500 K  
(approxim ately 3.1 m V ). A dditiona l calibration can be attained at higher temperatures by 
com paring the thermocouple w ith  pyrom eter readings.
Cleaning the Sample
The next challenge is to  obtain an atom ically clean surface on w hich to  do 
experiments. Heating alone cannot be used to therm ally desorb contaminants d ia t are 
strongly bound to the sample’s surface such as carbon. However the introduction o f 
oxygen into the vacuum w ill displace the contaminants by oxid iz ing  the sample at an 
elevated temperature. The oxygen is then removed by therm al desorption.
The molybdenum sample is cleaned by heating it  to  800*’C in a backpressure o f 
oxygen at 1x10'̂  to rr fo r 5 m inutes. 800®C was achieved by running 2.75A through the 
filam ent (shown in  Figure 3.4a) and biasing the sample to  300 V . A fte r the oxygen had 
been pumped out o f the chamber the sample was flashed to 1700**C to desorb the oxygen 
from  the surface. Running 3.5A  through the filam ent and biasing the sample to  800V 
attained th is temperature. This process is repeated u n til the surface is sa tisfactorily clean 
as determ ined by looking at die LEED image and AES.
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Evaporating Mg onto Mo(001)
A fte r the M o surfoce is satisfactorily cleaned, the next step is to grow  M g film s. 
M g is evaporated by w n^ip ing M g ribbon (0.15mm th ick and 3mm w ide) around a w ire  
that is e lectrica lly isolated from  the chamber. The magnesium ribbon is from  A ld rich  
Chem ical Company Inc. and has a pu rity  99+ %. Passing current through the w ire heats 
the w ire  that in  turn heats d ie M g so d ia t it  sublim es. B y varying the current die M g flu x  
is adjusted. T yp ica lly a current o f 5.5A is  used to  create a M g vapour pressure o f 
2.5x10'̂  to rr. From the vapour pressure o f M g, d iis  im plies that the ribbon is being 
heated to 530 K  (O ’Hanlon, 1989). The flu x  is equivalent to 0.66 M L/m in as calibrated 
by subsequent LEED and AES data. I t  is varied between 0.5-1 M L/m in fo r d iffe ren t 
experiments. The flu x  is measured by exam ining the 24 amu peak on the RGA that was 
strategically placed (as shown in  Figure 3.1) direcdy across from  the ev^io ra tor. To 
grow  the film s the sample is lowered in to  the beam o f M g flu x . D ifferent film  
thicknesses are attained by varying the amount o f tim e that the sample spends in  the M g 
flu x . Film s are deposited at elevated substrate temperatures by passing a current through 
the sample filam ent shown in  Figure 3.4 a) and allow ing the radiation to heat the sample.
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3.2 Low Energy Electron Diffraction (LEED)
In tro d u c tio n
LEED is the oldest o f a ll surface science techniques. The technique takes 
advantage o f the wave nature o f the electrons by form ing a Fraunhofer d iffraction  pattern 
o f electrons that are e lastically backscattered from  the crystal surface. In  1927 a LEED 
experim ent firs t demonstrated the wave nature o f the electron. The experiment by 





I .  *
•  • •
ionlOU101
Hcdron eneiay (cV)
Figure 3.5 This graph shows the mean free path of an electron (in many different materials) versus the 
kinetic energy. For t k  energies used for LEED (20eV-500eV) t k  mean free path is at a minimum (Prutton, 
1994).
because low  energy electrons have a wavelengdi d ia t is the same order o f magnitude as 
the la ttice spacing. For example, an electron w ith  energy o f 54 eV has a wavelength o f 
1.7 À  (Thornton, 1993). The success o f LEED in  surface science comes from  the surface
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sensitivity o f low  energy electrons. Electrons w ith  energies in the range o f 20 eV to 
500 eV have a mean free path near 5 A , therefore those electrons penetrating more than
tw o or three layers have a high p robab ility o f being ine lastica lly scattered. A lso, the ion- 
core cross-section fo r backscattering can be as large as 1 A^. So that few er and fewer
electrons penetrate the low er layers o f atoms. Both o f these factors make LEED an ideal 
technique to  probe the structure o f surfaces.
R eciprocal Space
The crystal lattice is characterized by the lattice vectors a ,, »2 and as. Any two 
la ttice  points are connected by a translation vector
T  = P ia, + \12*2 +  P 3*3  (3.2)
where fii,p 2 and ps are integers. Then any property o f the crystal (e.g. electron number 
density) w ill be invariant under any translation T , that is
n (r +  T ) = n (r) (3.3)
This periodic function can be expressed as a Fourier series. The Fourier expansion in  3D 
can be w ritten as
n (r) = 2^ «G exp(iG  r )  (3.4)
c
A  set o f vectors G are defined such that (3 .4) is invariant under any translation T . In 
other words the set o f G  must satisfy
e x p (/G T ) = l  (3.5)
The solution to  th is condition gives a G o f the form
G = TĴ ĥ  +  Tjjh i +  (3.6)
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b3 = ^ " " V * -' (3.7c)
where V  = a, #a% xa^. Every po int on the reciprocal la ttice  space can then be mapped 
out by using a reciprocal la ttice vector G .
The condition fo r constructive interference in  a one-dim ensional array is given by 
Bragg's law
2 d s ,m d =  nX  (3.8)
In 3D th is condition can be w ritten  as
k + G  = k ’ (3.9)
The possible d iffracted beams in  a d iffraction  experim ent can be found by 
drawing the wave vector k  o f the incident beams w hich starts at a po in t called P and 
term inates at the o rig in  o f the reciprocal la ttice space. A n Ewald sphere is then drawn by 
drawing a c ircle  around P o f radius k (th is is shown in  Figure 3.6). A t any po int where 
the surface o f the sphere intersects a lattice point (3.9) is satisfied. This means that the 
d iffraction  condition is met. Therefore the incident wave k  w ill y ie ld  d iffracted beams o f 
wave vectors k* fo r every la ttice  point that intersects the Ewald sphere. Since these 
diffracted beams are dependent on the reciprocal la ttice , any measurement o f these beams 
w ill provide inform ation on die reciprocal lattice.




Figure 3.6 The wave vector k of the incident beam is drawn in the reciprocal lattice space, k  is drawn 
so that the vector ends at the origin of reciprocal space. A sphere drawn around P of radius k is the 
Ewald sphere. From this it is obvious that each diffiacted beam is only seen for very specific energies.
The situation is sim plified somewhat when using electrons since they essentially 
only see the firs t layer. In  this case only a 2-D  la ttice needs to  be considered since
(03 ) (02) (01) (00) (01) (02) (03)
t i
Figure 3.7 The Ewald Sphere shows the S backscattered beams fiom the surface for electrons incident 
normal to the surface.
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scattering from  a ll but die firs t layer can be neglected. The reciprocal la ttice in  2D has 
reciprocal rods instead o f reciprocal points because there is no restriction on the 
perpendicular component o f k. Then the condition fo r d iffraction  is relaxed to;
k ,,+ G „ = k), (3.10)
U nlike the 3D case where a certain beam w ill on ly occur at certain discrete 
momentum, in  the 2D case a d iffraction  beam w ill appear at a ll momentum provided the 
corresponding reciprocal rod is in the Ewald sphere.
LEED Set-Up










Figure 3.8 This shows how the LEED technique is realized
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supply a m onochrom atic beam o f electrons, a series o f hem ispherical grids and a 
phosphorous screen to  view  the dif&acted electrons. The filam ent is  biased to -V p  so that 
the incident electrons have an energy o f eVp. The electrons that are backscattered travel 
back through grid 1 in  a straight line  due to the fie ld  firee region between the grounded 
sample and the grounded grid  1. G rids 2 & 3  are biased to  a voltage s lig h tly  above -V p  to  
filte r out ine lastica lly scattered electrons that have a low er kinetic energy. The screen is 
biased to  a potential o f +S kV  to accelerate the electrons and insure that they excite the 
screen phosphors. A  D iffra ction  pattern appears as b rig h t spots on the phosphorous 
screen corresponding to  the reciprocal la ttice o f the surface lattice. The d iffra c tio n  
patterns are recorded using a d ig ita l camera purchased from  E lectrim  Corporation. The 
camera stores the d ig ita l images d irectly onto the com puter as TIFF file s .
M o(001)
The LEED image o f the clean M o(001) surface yields a 1x1 image. A  body- 
centered cubic crystal and the (001 ) plane are shown in  Figure 3.9.
The (001) plane
Figure 3.9 The bcc crystal and the (001) plane
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Figure 3.10 The crystal lattice vectors a, and
The 2D la ttice  space o f bcc(OOl) is a square pattern and the la ttice vectors can be drawn 
as shown in  Figure 3.10
To transform  a 2D real space la ttice into the 2D reciprocal space lattice equations 
(3.7) can be s im p lified  to (Van Hove, 1986):
b, =  2a
a , X n




_ a 2 » (n x a , )  
where a i= (a ,0 ,0 ), a := (0 ,a,0 ) &  m=(0 ,0 , l)  
therefore a, •  (a, x n) = 
and a% X n =  a,
so from  (3.1 la ) b, =  — a,
a
a sim ila r approach using (3.1 lb ) gives b ; -  — a ;
a
(3.11b)
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The reciprocal lattice vectors are Aus unchanged in direction w iA  magnitude 
2%/a. As a result Ae LEED image o f Ae bcc(OOl) surface w ill appear square.
LE E D  fo r Q u a lity  Check
LEED is a useful too l to determme A e period icity o f Ae crystal but it  is not 
lim ited  to A a t Ordered defects such as contaminates w ill y ie ld  superstructures on Ae 
LEED image o f Ae substrate. For example i f  Aere is oxygen on Ae surface o f Ae 
molybdenum sample Ae LEED image can show an oxygen d iffraction  pattern 
superimposed on Ae substrate’ s 1x1 pattern. D iffe rin g  amounts o f oxygen on Ae surface 





Figure 3.11 A LEED image of the square reciprocal lattice of the clean Mo(001) surface.
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amount o f oxygen detectable by Ae LEED  was detrim ental to A e grow A  o f ordered A in  
film s. Any grow A on an oxidized M o surface would on ly result in  d iffuse LEED images 
indicating a disordered film . Any nonperiodic defect o r disordered surAce w ill 
contribute to Ae d iffuse background o f the LEED image.
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3.3 Auger Electron Spectroscopy
Introduction
Auger E lectron Spectroscopy (AES) is a technique that is used to determ ine Ae 
elemental com position o f a sample’ s surface. I t  can also lead to  inform ation about Ae 
chemical state o f A e atoms on A e surface. A n Auger electron spectrum is  a p lo t o f 
electrons detected as a function o f energy. E veiy element except hydrogen and helium  
has A e a b ility  to  em it Auger electrons and can Aen be identified by Ae unique position 
o f peaks in Ae Auger spectra.
The Auger Process
An example o f an Auger process is shown in  Figure 3.12 and can be explained as 
fo llow s. An m cident electron ionizes an atom by producing a hole in  a core level. This 
deep hole in A e core level o f A e atom is Aen fille d  by an electron from  a less tig h tly  
bound (higher) level and a second electron escapes w iA  Ae kine tic energy required fo r 
energy conservation.
Auger transitions are labeled by Ae atom ic levels o f A e electrons involved. For 
example, Ae Auger process in  Figure 3.12 is a KL(II)L(ni) or sim ply a KLL transition. 
The shells in Auger transition are labelled by x-ray spectroscopy nomenclature where Ae 
firs t three electron shells are labelled K, L and M respectively instead o f A e  optica l 
spectroscopy nomenclature.
The em erging electron w ill Aen have a kine tic energy that depends on A e energy 
levels o f Ae atom firom w hich it  came. This energy can be roughly approxim ated by:
E  as Efr — — ̂ m ii)  (3-12)











Hole from the incident electron now filled 
by an electron from L(ll)
Figure 3.12 An atomic-level diagram of Auger electron emission.
A lA ough more exact calculations may take in to  account Ae binding energy in  Ae 
presence o f a core electron hole o r Ae coulomb repulsion energy o f Ae two holes in  Ae 
fin a l state. Since A e Auger electrons are characteristic o f A e energy levels o f A e atom 
A a t A ey came from , Ae kinetic energy o f an Auger electron represents a fingerprin t o f 
Ae atom A at it  origm ated from . An AES spectra is sensitive to  A e presence o f a ll 
elements (except hydrogen and helium ) on Ae surface o f a sample. This makes AES 
very useful in  determ ining Ae pu rity  or cleanliness o f a sample. For example, when 
looking at Ae Auger spectra o f Ae clean M o sample a large peak at 190 eV is expected 
but a peak o f any size at 275 eV o r 510 eV indicates that A e sample is contaminated w iA  
carbon or oxygen respectively. AES can detect as little  as 5%  o f a monolayer o f carbon 
(Prutton, 1994). A n Auger spectra is shown in  Figure 3.13.






Figure 3.13 An Auger spectra of the Mo sample. The peak at 275 eV and 510 eV shows that there is 
some carbon and oxygen on the surface
A  competing process w ith  Auger electron em ission is x-ray fluorescence. In  this 
case when the electron drops down to  f i l l  the core vacancy a x-ray photon is em itted w ith 
the required energy instead o f an electron. However fo r any element there exists an 
Auger process such that the excited ions decay predom inantly by Auger electron 
emission instead o f x-ray fluorescence. This can be seen in  Figure 3.14.
A uger Set-up
There are tw o commonly used experimental set-ups to  perform  AES. The 
Retarding Field Analyzer (RFA) was chosen over the C ylindrica l M irro r Analyzer 
(C M A) since the hardware used fo r the RFA and that fo r die LEED are the same.






9045 60 7515 300
Atomic Number (z)
Figure 3.14 A plot of yields versus atomic number. The solid line represent Auger electron emmision 
while the dashed line represents x-ray fluorescence (Hedberg 1995).
A  diagram showing the hardware fo r AES is shown in  figure 3.15. Electrons are em itted 
from  the filam ent and strike the sample. The Auger electrons that are created and em itted







  Modulated Retarding VoltageTo Lockin Amplifier
Vacuum wall
Figure 3.15 This is a schematic of how the RFA optics of a AES are set-up. This is very similar to 
Figure 3.8 which shows the LEED set-iq».
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out o f the sample w ill travel through the fie ld  fie e  region created by grounding die firs t 
grid . The electrons then travel to  grids 2 &  3 w hich are given a m odulating voltage 
around Vo. This is done because a ll o f the electrons w id i energy greater than eVo are 
detected and the signal measured is:
5 ( £ ) = r  V (£ )d £  (3.13)
In  order to  measure N (E ) a m odulating voltage V=Vo+AVcoso)t is applied and the firs t 
derivative o f die signal is measured using a lo ck-in  am plifie r. The signal current can be 
expanded as a Taylor series around Vq.
S(eP^) = 5(eF|,) +  | —-1  A (e K )co sa f+. i f ^lydE^V,
using a trigonom etric identity to  replace cos^ot the series becomes
A (eF)^ cos^ <ar+... (3.14)
' * * 0  \  ytv,
.2,
( if-
^  A (e F )"(l + cos2n;r) + ... (3.15)
Therefore detection o f a current at the collector w ith  a fiequency o f a  (using a phase 
sensitive detector) gives a current that is proportional to  the firs t derivative o f the signal, 
N (E ). Auger transitions show up as small peaks on a N (E ) vs. E p lo t as shown in  Figure 
3.16. For th is reason it  is advantageous to p lo t the dN(E)/dE vs E instead. This is done 
by detecting current w ith  a fiequency o f 2(0, w hich is proportional to the second 
derivative o f die signal. This phase sensitive detection has the additional bonus o f 
measuring signals w ith  sm all signal to  noise ra tios. Vo is ramped through the desired 
range o f energies to  give a continuous p lo t o f Auger electron yie ld  versus energy.
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Figure 3.16 The second derivative of the signal, dN(EVdE, shows more distinct peaks than N(E)
D ete rm in ing  the G row th Mode
AES is often used to  study the mode o f film  growth. Characteristic Auger 
transitions o f the substrate or adsorbate are measured as a function o f film  coverage. This 
gives an Auger signal versus tim e p lo t called AS-t. Figure 3.17 shows the d ifferent AS-t 
plots fo r the three d istinct growth modes. For FM  growth the A S-t p lo t is a series o f 
straight lines where the breaks occur at the com pletion o f a layer and the beginning o f the 
next (A rg ile , 1989). The differences in  the slopes are due to  the attenuation o f the signal 
from  an increasing number o f absorbate layers and therefore the succeeding layers 
receive sm aller fractions o f the o rig ina l substrate emission. The situation is quite
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d iffe ren t fo r 3D island growth, where during film  grow th large areas o f the substrate can 
remain deposit fiee. The substrate signal w ill then be much less suppressed than the layer 
by layer case. The A S -t w ill show a much slow er increase in  die adsorbate signal and 
likew ise a much slower decrease in  the substrate signal. The layer plus island growth 
mode is the interm ediate case where the A S -t w ill fo llo w  a FM  curve u n til there is a 
d is tinct break, and the curve w ill then fo llo w  a VW  A S -t curve. This break point 
indicates the transition fiom  layer growth to  island grow th mode.

















Figure 3.17 The different AS-t plots for the diderent growth modes.
Thicker film s were not grown by ev^w rating more M g onto the previous film . 
Each film  was deposited starting fiom  zero coverage. A fte r a film  was grown and 
measured the sample would be flashed to  1100'*C to  desorb the M g and M gO  from  the
surface.
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Previous Results
Previous results indicate that M g grows on M o(001) in  a Stranski-Krastanov 
growth mode at room temperature (W u, 1992). W hile in  the layer-by-layer mode. M g 
grows as pseudomoiphic fee M g(001). The firs t tw o layers grow  v ia  island nucléation 
whereas the next two layers grow by step flow  (Gallagher, 1999). A fte r the deposit o f 4
Figure 4.1 The LEED image on the left shows the 1x1 square pattern of a the fcc(001) surfiwe utile  the 
image on the right is the hexagonal pattern of the Mg(0001) islands. Figure 4.9 illustrates why this is called 
a hexagonal pattern.
layers there is a simultaneous transition to 3D island growth and the growth o f hep 
Mg(OOOl). Previously, a scanning tunneling m icroscope was used to  find  the transition 
from  layer to  island grow th. Here LEED is used, since the change in  growth mode 
coincides w ith  a change in  the structure o f the film  (Figure 4.1). Fee M g(001) shows a 
1x1 pattern, w hile M g(0001) shows a hexagonal pattern.
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Hexagonal Pattern o f Mg(0001)
For hexagonal lattices an additional ciystallographic axis is defined w ith in  the 
hexagonal basal plane. This additional axis is called i and is denoted by the M ille r- 
Bravais indices (h k il). It fo llow s the sim ple relationship i =  -h-k (Van Hove, 1986). 
Therefore the (0001) plane could sim ply be called the (001) plane in the conventional 




Figure 4.2 The hep crystal and the (0001) plane
Looking down on the 2D surface o f the (0001) plane w ill give a hexagonal 
surface. A pplying equations (3.1 la ) and (3.11b) to transform  the tw o real space la ttice 
vectors to  reciprocal lattice space yields a hexagonal pattern w ith  a rotation as shown in  
Figure 4.3.
The LEED image however does not sim ply show a hexagonal spot pattern, rather 
it shows the superposition o f tw o hexagonal patterns rotated by 30°. This is because the
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Figure 43 Applying the tnnsfonnati<Hi equations to #, and give the new vectors b, and bz
islands grow on the M o(001) substrate which has fou rfo ld  sym m etry. This allow s fo r 
tw o domains o f island growth each rotated by 30° (Figure 4.4).
Two domains that are separated by 30°
Figure 4.4 The two domains of the film that contribute to the LEED image.
Room Temperature Deposition
An AS-t measuring the Auger intensity o f the substrate signal o f Momnn( 1 90 eV) 
as w e ll as the deposit signal o f M g L M M < 48  eV) is shown in  Figure 4.5. The A S -t p lo t 
shows a d istinct break.







85 6 732 40 1
Time Exposed (mln)
Figure 43  AS-t plot showing the distinct break in the decrease of the substrate signal and in the 
increase of the deposit signal.
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Figure 4.6 AS-t plot with greater resolution showing the break in combination with LEED
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A  subsequent experiment in w hich an A S -t p lo t was taken in com bination w ith  
LEED images is shown in  Figure 4.6. LEED taken after the break s till shows a 1x1 
pattern, ind icating the film  is s till grow ing layer-by-layer and that the break is not the 
transition to  island growth. Another A S -t experim ent was performed w ith  longer 
exposure tim es. The p lo t is shown in Figure 4.7. The LEED image taken after the 
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Figure 4.7 AS-t showing two breaks with LEED images taken as shown
This image shows a superposition o f the 1x1 pattern o f the layer and the hexagonal 
pattern o f the islands as shown in  Figure 4.8. The superposition means that the image 
was taken after the onset o f island grow th. Since LEED images taken before the second 
break give on ly a 1x1 pattern it  is concluded that the second break in the A S -t p lo t o f 
Figure 4.4 is the onset o f 3D island grow th. Gallagher et a l. found the transition to  3D
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Figure 4.8 (left) LEED image showing the superposition of a hexagonal pattern on a 1x1 pattern. The 
negative ofthe LEED image where the Xs represent spots of the 1x1 pattern and the lines show the two 
domains of the hexagonal pattern
island grow th occurs fo llow ing  the com pletion o f die M g fourth layer (G allagher, 1999). 
The second break in  die p lo t occurs a fte r 6  m inutes o f exposure and the firs t break in  the 
p lo t occurs at h a lf th is tim e. Since the flu x  was m aintained constant, the tim e exposed to 
die evaporator is linearly related to  coverage. The firs t break represents the com pletion 
o f the second layer and the onset o f the th ird . In  od ier words, when the in te n s if o f the 
M o Auger peak decreases to 30% o f the clean substrate signal there are tw o monolayers 
o f M g on the sample.
Throughout the layer grow th the 1x1 LEED image did not change. This shows 
that there is no strain relaxation w ith  increasing thickness o f the film .
D ifferent plots were taken at d iffe ren t rates o f evaporation (0 .5 -lM L /m in ) but the 
results o f the plots are always the same. A  d istinct break in  the curve is always seen 
when the signal has decayed to 30% o f the clean substrate. LEED images taken after th is 
break confirm  that th is occurs before the transition to  3D grow th. I f  die film  is grow ing 
layer-by-layer another break at 1.5 m in should be seen corresponding to the com pletion
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o f the firs t layer. The A S -t p lo t fo r m onolayer grow di should consist o f breaks at die 
com pletion o f each layer (th is  is shown in  Figure 3.17a). In  fact, the break a fte r the 
com pletion o f the firs t layer should be more d istinct than die break corresponding to the 
com pletion o f the second layer, however none is seen.
I f  the in itia l film  grow th proceeds by the development o f a b ilayer then after the 
equivalent coverage o f one m onolayer on ly h a lf o f the surface is covered and no break in  
the A S-t p lo t would be observed. A fte r an equivalent coverage o f tw o monolayers the 
firs t fu ll layer would cover the substrate and subsequent deposition w ould produce a 
break in  the A S-t p lo t.
M odeling the G row th
To investigate the possib ility  o f an in itia l b ilayer follow ed by a m onolayer, the 
growth process was modeled theoretica lly. The model is also used to  show that the firs t 
tw o layers do not grow as a monolayers. The grow th o f a b ilayer follow ed by another 
bilayer and the growth o f a trila ye r fo llow ed by a m onolayer are not modeled because 
these are known not to  occur. Previous STM studies o f the th ird  and fourth layer clearly 
show that they grow in  monolayers (G allagher, 1999).
Throughout grow th o f the firs t layer there are contributions to  tiie  Auger signal 
from  the exposed substrate and from  the attenuated signal o f the covered substrate as 
shown in  Figure 4.9. The overall in tensity can be predicted by the exponential 
attenuation law  (Rhead, 1981)
I = Ioexp(-t/kcos6 ) (4.1)
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Figure 4.9 Shows the contributioas to the Auger signal from the substrate during the growth of the first 
layer Oefi) and the growth of the second layer (right).
Where k  is the mean free path o f the electron, 0 is the mean acceptance angle o f the 
electron detector, t is the thickness o f the film  and lo is the to ta l unimpeded Auger yield. 
M ost o f the Auger electrons that are collected are not em itted perpendicular to the 
surface; as a result most w ill have had to travel through more o f the film . Therefore the 
effective thickness o f the film  is t/cos0 . It was determined that the mean acceptance 
angle fo r our LEED instrum ent was 33*. The decrease in  the Auger intensity as a 
function o f coverage p w ill be given by
I = Io( 1 -p ) +  lopexp { -ti/(X cos0)} (4.2)
The decay in  the Auger intensity fo r the grow th o f the second layer can then be calculated 
in  a sim ilar way (shown in  Figure 4.9) by the fo llow ing  equation
I = Io( 1 -p )exp {-t,/(kcos0 )} +  Iopexp {-(ti+ t2)/(kcos0 )}  (4.3)
I f  the break in  the A S -t p lo t fm m  Figure 4.5 is sim ply die com pletion o f the firs t 
layer then (4.2) and (4.3) can be used to f it  the data before and after the break 
respectively w ith  lo = l and t,= t2=2.2  À . A  least squares fît was tq ip lied to the data to find
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X. It is determ ined that, assuming m onolayer grow th, the mean free path o f the electron 
would have to  be 1.9 A. This is an unphysical result. A ll previous studies o f electrons in 
various m aterials give mean free paths between 4 A and 8 A at 190 eV It  is concluded 
that the data does not f it  a layer-by-layer grow th model.
I f  the break corresponds to the com pletion o f a bilayer then again (4.2) and (4.3) 
can be used to  f it  k , however now t,= 4 .4A  since the firs t layer is now tw o monolayers in  
thickness and tz is 2.2 A. S im ilar analysis yields an electron mean free path o f 4.3A.
This is a reasonable number and suggests that in itia lly  M g grows as a bilayer.
Deposition at Elevated Temperature
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Figure 4.10 AS-t taken at a temperature o f425 K
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temperature up to 450 K . No results could be obtained below room temperature because 
the system did not have cooling capabilities, and results above 450 K  could not be 
obtained since M g therm ally desorbs at 500 K . A S -t plots in  d iis  temperature range give 
s im ila r results to those obtained at room  temperature. The A S -t p lo t shown in  Figure 
4.10 was measured using a substrate temperature o f 425 K .
As w e ll as A S -t plots LEED images were also taken at elevated temperatures to 
fu rther investigate the transition from  layer to  island grow th. I t  was found A at LEED 
changes from  a 1x 1 pattern to a superposition o f 1x 1 and hexagonal pattern at the same 
coverage as room temperature. I t  is concluded that throughout the temperature range 
investigated the transition from  layer to island grow th mode always occurs fo llow ing  the 
com pletion o f the fourth  layer.
The in itia l grow th o f the b ilayer and die transition to  island grow th after the 
com pletion o f the fou rth  layer is unaffected by a change in  temperature. This suggests 
that both o f these events are not k ine tica lly  lim ited .
D iscussion
B ilayer grow th has been observed in  other metal on metal systems. Co film s 
grown on Cu(OOl) grow  in  bilayer islands (Fassbender, 1997). A t thicknesses greater 
than 2M L the grow th proceeds in a layer-by-layer fashion. The explanation fo r th is  is 
that yco > Ycu and the energy o f the system is reduced i f  more o f the substrate surface is 
le ft exposed. This creates an energy barrier fo r in terlayer mass transport from  the second 
layer to the firs t layer. This is not the case fo r M g on Mo(001 ) since yMg < Ymo-
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Thermodynamics favours a 2D M g surface and the difference in  surface energies cannot 
create an energy barrier.
In  a study o f cobalt film s on A u (l 11) it  was found that in itia lly  the film  form s 
islands that are tw o atom ic layers high and grow  la te ra lly w ith  increasing coverage 
(Voightlander, 1991). Here b ilayer grow th is attributed to the large lattice mismatch
between Co and A u (14% ). The large la ttice m ismatch leads to substantial la ttice strain. 
The film  is more relaxed in  the second layer, thus grow ing in  a b ilayer reduces the to ta l 
strain energy o f the film . For the grow th o f M g on M o(001) the la ttice  mismatch is only 
2%. The strain energy o f the film  w ould therefore not be sign ifican tly reduced by 
grow ing in  a b ilayer.
Low  temperature growth o f Pb on a strained Pb monolayer results in the grow th 
o f a com plete b ilayer follow ed by a layer-by-layer regime (Bocquet, 1997). In  th is  study 
LEED observations suggest that the strain is fu lly  relaxed by the b ilayer. This is quite 
d iffe ren t from  our system where LEED images show that there is no relaxation o f strain 
a fter the com pletion o f the bilayer.
D iffe rent adatom m obilities and therefore d iffe ren t nucléation densities on 
successive layers due to  strain can considerably affect the growth m orphology. This is 
seen in  the transition from  island nucléation to  step flo w  in  the grow th o f M g on M o(001) 
(G allagher, 1999). M g atoms adsorbed onto the M o surface have a sm all d iffusion 
constant due to the h igh ly corrugated surface potential o f the bcc surface. The low  rate o f 
d iffu s ion  means that atoms that condense on the M o surface w ill nucleate many sm all 
islands. W ith many sm all islands a sign ificant number o f atoms w ill arrive on top o f the 
islands p rio r to coalesence. Atom s that adsorb on top o f the islands are hindered from
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descending onto the M o surface by a M g step-edge barrier (Hwang, 1997). The 
additional barrier leads to the bu ild  up o f adatoms in  the second layer p rio r to  the 
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Figure 4.11 The growth of the first few layers of Mg on Mo(001)
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elim inate the observation o f a break in  the A S -t p lo t fo llo w in g  one m onolayer equivalent 
coverage. Once the bilayer is com plete la ttice  compression reduces the corrugation o f the 
surface potential and adatoms on the second layer w ill have a larger d iffus ion  constant 
(Brune, 1995). This allow s the th ird  and fourth layers to  grow  by step flo w , despite the 
step edge barrier. This increased d iffu s ion  constant results in  the step flo w  growth o f the 
th ird  and fourth layer o f the film . The evolution o f the M g film  on the M o substrate fo r 
the firs t few  layers o f coverage is shown in  Figure 4.11.
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The decrease in  the A S -t p lo t o f the M o signal as M g is  deposited shows two 
d istinct breaks. Using LEED images it was found that th is firs t break is not the transition 
from  2D layer growth to 3D island growth. In  fact this break occurs a fter the com pletion 
o f the second layer w hile the film  is s till in  the 2D layer grow th regime. I t  is argued that 
th is break corresponds to the com pletion o f an in itia l b ilayer and the onset o f the th ird 
m onolayer. A  second break is seen in  the A S -t p lo t after the com pletion o f the fourth 
layer and LEED  shows that th is corresponds to  the transition from  layer grow th to island 
grow th. The growth is also modeled fo r single layer grow th and the data is f it  to  the 
model. I f  the firs t break in  the A S -t p lo t were sim ply the com pletion o f the firs t 
monolayer than the mean free path o f the electron would be an unphysical 1.9 A. A  
sim ila r curve f it  shows that i f  the firs t break corresponds to the com pletion o f the bilayer 
then 1=4.4 A which is reasonable.
The grow th o f the b ilayer follow ed by layer growth is attributed to  a com bination 
o f low  M g d iffusion  constant on the M o(001) surface and die presence o f a energy barrier 
that hinders the transfer o f atoms between M g layers. This results in  a sign ificant fraction 
o f the islands being two layers high p rio r to  coalesence.
The change in the grow th process between the b ilayer grow ing via  island 
nucléation and the th ird  and fourth  layer grow ing via step flo w  is attributed to a change in 
m obilities due to the strained film . The strain is a result o f the 2% lattice mismatch 
between the M g and M o. Previous computations show that a mismatch o f on ly 2% is 
su ffic ien t to  cause th is effect (Brune, 1995).
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